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ABSTRACT 
Gold matrix Deformation-processed Metal Metal Composites (DMMC) have been 
developed that have better strength and conductivity than conventional gold alloys. 
However, DMMC possess metastatic two-phase microstructures, and their strength and 
conductivity decrease after prolonged exposure to elevated temperatures. Since their 
anticipated service will often involve exposure to elevated temperatures, the kinetics of the 
transformation from the metastable two-phase microstructure to the equilibrium single-phase 
solid solution is of interest. 
This document describes a study of the elevated temperature stability of Au DMMC's 
and the relationship between microstructure and resistivity of three compositions: Au-7 vol 
%Ag, Au-14 vol %Ag, and Au-vol 7%Pt. DMMC samples were prepared by a powder 
metallurgy technique and processed into wire by extrusion, swaging, and drawing. The 
smallest final diameter of these wires was 120 jim. Avrami and Arrhenius relations were 
used to evaluate the kinetic transformation. The extensive deformation used to produce these 
composites reshaped the initially equi-axed powder particles into a nanofilamentary 
composite. Electrical resistivity measurements were used to determine the degree of 
transformation from the initial metastable nano-filamentary composite to the equilibrium 
solid solution condition. These measurements indicated that this transformation in Au-14 
at%Ag, Au-7 at %Ag Au and Au-7 at %Pt DMMC wires proceeded with activation energies 
of 141, 156, and 167 kJ/mol, respectively. 
It is thought that these empirically determined activation energies differ from those 
determined in single crystal, planar interface Au-Ag and Au-Pt diffusion couples due to 
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chemical potential, surface curvature, and strain effects. The DMMC systems reach the 
equilibrium solid solution condition faster than single crystal, planar interface systems for 
two reasons: 1) far more defects (dislocations, grain boundaries, vacancies from non-
conservative dislocation motion, etc.) are present in the Au-Ag and Au-Pt DMMC 
composites, and 2) the small radius of curvature of the Ag and Pt filaments increases the 
chemical potential for diffusion in the DMMC. 
Using the Avrami and Arrhenius equation relationships developed from these 
resistivity measurements on metastable Au-Ag and Au-Pt DMMC's, it is possible to predict 
the times and temperatures needed to achieve various degrees of homogenization. The Au 
DMMC's were found to have good thermal stability compared to conventional cold-worked 
Au interconnection wires. Although these composites will revert to solid solutions if 
exposed to high temperatures for prolonged time periods, their relative stability is sufficient 
to allow them to maintain their two-phase microstructure during the anticipated lifetime 
temperature profiles of microelectronics and switchgear products. 
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CHAPTER 1 GENERAL INTRODUCTION 
1.1 Introduction 
The relationships between material properties and material microstructures are central 
to materials science. Important structural features include composition, crystal structure, 
grain size, phase size, and phase size distributions. These features can be controlled by 
alloying, fabrication, and heat treatment methods. Deformation Processed Metal-Metal 
Composites (DMMC's) possess extraordinary mechanical and electrical properties which 
result from their nanofilamentary second phase. There are several potential applications that 
could benefit from the high strengths and high electrical conductivities of DMMC's such as 
long looping interconnection wire, electrical contact, etc. However, materials scientists' 
understanding of their structure-property relations is incompletely developed at present. 
Even though the mechanical and electrical properties of DMMC's are attractive, their 
microstructures are metastable, and the potential instability of the microstructure against 
coarsening or dissolution raises concerns about their reliability in actual engineering service. 
These composites are therefore vulnerable to changes in their filamentary microstructure that 
will degrade the composite's properties. The concept of the inherent instability of metals is 
widely appreciated in the context of corrosion, which continually threatens to return a metal 
to a more chemically stable form, such as an oxide, hydroxide, or other compounds. An 
analogous degradation of DMMC's metastable microstructure is the topic of this dissertation. 
Specifically, rates of structural and chemical changes are studied to allow prediction of useful 
lifetimes over a range of service temperatures for Au-Ag and Au-Pt DMMC's. 
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At room temperature, the filaments of the Au-Ag and Au-Pt DMMC wire produced 
for this study showed long-term (i.e. years) stability against homogenization by diffusion [1] 
and against spontaneous morphological changes in the filaments. However, at elevated 
temperatures, the Au-Ag and Au-Pt equilibrium phase diagrams shown in Fig. 1.1a and 1.1b, 
respectively, predict that the two phases will effectively intermix by diffusion and degenerate 
into simple equilibrium solid solutions. The activation energies for atomic mixing of Au-14 
at% Ag, Au-7at% Ag, and Au-7 at% Pt DMMC system were examined by subjecting 
specimens to various combinations of annealing time and temperature and then measuring the 
resulting changes in resistivity and observing the microstructure in the SEM. The activation 
energies for movement of Ag and Pt atoms into the Au matrix were calculated for these Au-
Ag and Au-Pt DMMC's and compared with the published activation energies for Ag and Pt 
diffusion in Au determined by conventional, single crystal planar interface diffusion couple 
experiments. The composite system is much more complex than a simple planar interface, 
single crystal diffusion couple, and it is therefore more challenging to explain its instability. 
Several factors bearing on this issue will be described in more detail in the literature review 
section of this chapter. Chapters 2 and 3 discuss the Johnson-Mehl-Avrami (JMA) and 
Arrhenius equations used to analyze the activation energy of filament transformation. The 
effects of filament shape and size, and of defects on the stability of metastable DMMC 
microstructures to homogeneous solid solution will also be discussed. Chapter 4 discusses 
how knowledge of the stability of these DMMC's can be used to predict their ability to 
tolerate various combinations of temperature and time. The activation energy values 
obtained experimentally will be used to predict the decreasing of strength and increasing 
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conductivity of composite material changes varying by time and temperature can deliver the 
desired engineering properties in actual engineering service as interconnect wire in 
microprocessor circuits. 
1.2 History of DMMC 
DMMC's can be produced by either powder metallurgy (P/M) techniques or by melt 
processing of two metals that are miscible as liquids but immiscible as solids. The initial 
P/M or cast billet is heavily deformed by any of several methods, including extrusion, 
swaging, and drawing to produce rods or wires (axisymmetrically deformed materials) or 
rolling to produce sheet. Generally, the criteria for successful formation of a DMMC is that 
the two candidate metals possess good ductility, mutual immiscibility in the solid phase 
without intermetallic compound formation, and roughly similar flow stresses and melting 
temperatures. The filament thickness is commonly observed to be below 50 nm. In some 
DMMC's, they can be as small as 10 nm. The ribbon shaped or filamentary microstructure 
that results from this heavy deformation produces the extraordinary mechanical and electrical 
properties that are usually seen in DMMC's. 
It was not until the 1960's that the first technical report on a Fe-FegC DMMC was 
published. This study was the first comprehensive analysis by Transmission Electron 
Microscope (TEM) of the microstructure and mechanical properties that resulted from the 
deformation of pearlite to high true strains [2]. In the 1970's, Cu-Nb DMMC's were 
produced as precursor materials for production of superconducting wire. The Cu-Nb 
DMMC's were produced by 99.99% reduction in area drawing at room temperature without 
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stress relief annealing [3]. They had an ultimate tensile strength (UTS) of 2200 MPa, far 
higher than the strongest precipitation hardened Cu-Be alloys, which have an UTS of 1450 
MPa. In the 1980's, Cu-X DMMC's (where X is a bcc transition element such as Fe, Ta, V, 
or Cr) were successfully produced [4, 5]. Other combinations (e.g. Cu-W and Cu-Mo) were 
also attempted, but these failed to produce a true DMMC due to an excessively high ratio of 
X flow stress to Cu flow stress, which impaired the ability of deformation processing to 
produce the desired nanofilamentary microstructure. The high melting points of the W and 
Mo second phase metals also made production of uniform compositions more difficult [4], 
Cu-Ag DMMC's have been studied with the eventual goal of developing them for use in long 
pulse and high field electromagnets [6, 7]. Cu-Ag DMMC's have an optimized trade-off 
performance of 1500 MPa tensile strength with 65% IACS conductivity properties. 
Not all DMMC research has been performed on Cu matrix composites. Hcp-hcp 
DMMC's such as Ti-Y [8] and Sc-Ti [9] have been produced. It was suggested that there 
exists an inherent limitation of the degree of cold work these materials can withstand due to 
the geometric difficulty of fitting plain straining filaments and matrix metals into a rod or 
wire of diminishing radius during axisymmetric deformation [8]. Most systems comprised of 
hcp-hcp, hcp-bcc and bcc-bcc combinations have insufficient numbers of active slip systems 
to avoid plain strain deformation. This may be especially pertinent for crystal structures such 
as hep where slip planes and directions for secondary slip systems have much larger critical 
resolved shear stresses than those of the primary slip systems. By contrast, the Cu (fee) in 
Cu-X (X can be either fee or bcc) has a sufficient number of active slip planes and directions 
to avoid these plane strain geometric fitting limitations. 
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In the late 1990's, Au DMMC's were produced with a combination of physical 
properties superior to those of any commercially available Au alloy. Although these new Au 
matrix DMMC's were originally considered for interconnection wire applications, other uses 
may exist where strength and conductivity are required, such as electrical switchgear. 
1.3. Physical Properties of DMMC's 
The remainder of this section emphasizes the fundamentals of DMMC cubic systems 
(fcc-fcc and fcc-bcc) for axisymmetrically deformed materials (as opposed to rolled 
materials) with an emphasis on the phenomena of metallurgical strengthening (e.g 
dislocations, slip systems, etc.) and the kinetics of phase transformation (e.g. stability of fee 
second phase filaments in an fee matrix). 
It is believed that the shape of the filaments in axisymmetrically deformed DMMC's 
is due to texture1 development during deformation. The typical microstructure of 
axisymmetrically deformed DMMC's is cylindrical filaments for fcc-fcc binary metals or 
ribbon-shaped filaments for fcc-bcc binary systems. In fee metal filaments, a dual texture 
typically forms; some grains have a <111> fiber texture while other grains have a <100> fiber 
texture. These two textures orient the fee crystal such that three or four <110> slip directions 
respectively are arrayed around the fiber axis. This allows axially symmetric flow in all the 
fee grains, resulting in a cylindrical shape to the fee filaments. In bcc metal filaments, only 
two (the [111] and [111]) of the total four <111> slip directions are oriented favorably to 
1 Texture or prefer orientation represents the orientation of crystallographic planes in a preferred manner with 
respect to the direction of the deformation axis. 
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accommodate the extension parallel to the wire axis, which is the <110> direction. To satisfy 
compatibility, the fibers with different orientations have to bend around one another which 
causes the bcc second phase in an fee matrix to form ribbon-shaped filaments. For these 
reasons, the number limitations of slip directions to accommodate plastic flow explain 
whether a given DMMC has circular or ribbon-shaped filaments on each system. 
1.3.1 High Strength 
Dislocation activity is the most important factor in determining a metal's strength. 
The high strength of DMMC's will be discussed in terms of several factors, including: 
• high dislocation density in the matrix near second phase interfaces [3], 
• the interfaces' action as barriers to dislocation motion [4, 5, 10, 11]. 
• the presence of geometrically necessary dislocations [12, 13]. 
• Frank-Read dislocation sources that are "energetically costly" to operate [14, 
15]. 
These strengthening mechanisms and the mathematical models developed to describe 
them will be discussed simultaneously in each section. Two simple general theories, the Rule 
of Mixtures and the Hall-Petch relation, provide the basis of several models, and these will be 
discussed first. 
Rule of Mixtures (ROM) 
The rule of mixtures was first derived to predict the elastic modulus and yield strength 
of fiber-reinforced composites. It takes the general form shown below [16]: 
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P = (7jAf + (JmAm (1.1) 
where P is the tensile force parallel to the filaments. The variables 07 and <jm are tensile yield 
strength of the fiber and matrix materials, respectively. Af and Am are the cross sectional area 
of fiber and matrix, respectively. 
Although the rule of mixtures was first derived with the assumption that only elastic 
behavior was being modeled, several investigators have extended it to model plastic behavior 
as well. This is partially done as a convenience, since UTS is considerably easier to measure 
experimentally than is yield strength. Bevk, et al. used this extension of the rule of mixtures 
from the elastic regime to the plastic regime to predict the strengths of Cu-Nb composites [3], 
0"C UTS = Of  UTS Vf+CT m V m  (1.2) 
In this formula, <tc uts is the UTS of the composite; (Jjuts is the UTS of the 
composite filaments; and crm is the strength of the matrix at the strain at which the fracture 
occurs. Pf and Vm are the appropriate volume fractions of filament and matrix material, 
respectively. The strengthening mechanisms were based on the premise that the main 
contribution of the second phase to composite strength is to act as barriers for matrix 
dislocation motion. However, Bevk et al. cautions that this mechanism can apply only in 
composites with high deformation (i.e. having nano-scale filaments). 
Verhoeven, et al. [10] and Trybus, et al. [17] calculated the strength of Cu-Nb 
DMMC's by using a rule of mixture criterion similar to Bevk, et al. but with both values of cr 
fms and am modified to crx > where ax is given an approximately inverse correlation between 
strength and filament thickness, as a logarithmic factor. Thus, their final equation to predict 
Cu-Nb DMMC strength is: 
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+ (^,nt'L> <,j> 
where G is the shear modulus, b is the Burger vector length, t is spacing of filaments, a\ is a 
friction stress, M is the Taylor factor (taken as 2 for bcc materials and 3 for fee materials 
[18]) and A is a dimensionless constant depending on the character of the dislocation (A was 
taken as 1.21, assuming mixed dislocations of edge and screw type [19]) 
Funkenbusch, et al. [12,13] modified the ROM by using an equation similar to 
Bevk's 
<Jc = &A VA + aB VB (1.4) 
where ac is composite flow stress; oa and ae are volumetric weighted averages of flow 
stresses of individual phases A and B, respectively; and the V's represent the respective 
phase volume fractions. It was suggested that the flow stress o4 and ub do not correspond to 
the strength of single-phase alloy, but they assumed that the additional strength is contributed 
by the high dislocation density. Thus, the corresponding flow stresses of individual phases 
(CTA and CTB) can be represented by: 
a A or crB = or0 + cMGb-Jp (1.5), 
where p is the total dislocation density; cr0 is the strength of a hypothetical single-phase alloy 
with a dislocation density so low that it has no influence on strength; and oris a constant of 
order unity. The dislocation density in phase A is assumed to vary with filament spacing, t, 
and tensile true strain, 77, (7=ln{Ai/Af}, where A; and Af are the specimens' initial and final 
diameters, respectively). The accommodation between two phases which contain 
geometrically necessary dislocations is generated from strain incompatibility [12]. 
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Funkenbusch, et al. explained that the high strength in DMMC's is largely attributable 
to the much higher dislocation densities in a two-phase microstructure than in a single-phase 
material due to the geometrically necessary dislocations. The dislocations are formed 
corresponding to the greater strain incompatibility of the two phases deforming side-by-side. 
Large numbers of dislocation tangles occur intermittently, which subdivide each phase into 
many small sub-cells, which in turn increase the difficulty of further dislocation generation 
and movement. This theory has been challenged by Frommeyer, et al. [7], who observed that 
dislocation densities actually declined at high deformation levels. This directly contradicts 
the Funkenbusch model, and has been the source of considerable debate. 
Hall-Petch 
The second theory is a general relationship between yield stress (and other mechanical 
properties) and grain size proposed by Hall [20] and extended by Fetch [21], that has come to 
be called the Hall-Petch equation: 
do = <?j +kD"1/2 (1.6) 
where o; is the friction stress representing the overall resistance of the crystal lattice to 
dislocation movement; D is grain diameter; <jq is the yield stress (or other mechanical 
properties); and k is the locking parameter which measures the relative hardening 
contribution of the grain boundaries. Note that o; and k are constants empirically developed 
for a given material [22]. Hall-Petch also could be applied to two-phase composites by 
reasoning that the phenomena associated with blocking dislocation motion at grain 
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boundaries in a homogeneous material are equivalent to the phenomena at a second phase 
interface in a composite material. 
Embury et al. [2] applied the Hall-Petch relation to predict the strength of drawn 
pearlitic steel wires. They reasoned that flow stress after deformation was expected to be 
related to the mean barrier spacing by 
where oc is the yield stress of the composite; ro is the barrier spacing before strain; r\ is 
tensile true strain. Eq. (1.7) fit well to the data on pearlite. This model was based on the 
assumptions of homogeneous plastic strain, that is that no new barriers are generated and no 
existing barriers are destroyed during deformation. One needs to remember when applying 
this model to other systems that it was intended to be valid for pearlite, but not necessarily for 
all composite systems. 
Spitzig et al. [11, 23] predicted the strengthening of Cu-20Nb and Cu-20Ta by using a 
Hall-Petch-type formula: 
where a is about 0.25 [19]. The strength of the composite stems from filament spacing 
acting as a planar barrier to plastic flow, the degree of deformation, and the modulus of the 
composites. The strength mechanism was suggested to result from the Nb filaments acting as 
a barrier to dislocation motion and as a consequence of the difficulty in transmitting plastic 
flow between two phases. 
(1.7), 
+ 4V2oGb (1-8), 
11 
1.3.2 Low Resistivity 
In the microstructure of DMMC's, pure second phase (filaments) are oriented parallel 
to the wire axis. Electrons tend to flow on the pathway parallel to the wire axis, resulting in 
high electrical conductivity in these DMMC's. 
Verhoeven et al. [24] and Karasek et al. [25] studied how electron scattering at room 
temperature results from a combination of phonon scattering, impurity scattering, dislocation 
scattering, and interface scattering mechanisms. Using resistivity as a tool to predict 
dislocation density of DMMC's, Verhoeven, et al. and Karasek, et al. obtained estimates of 
dislocation density of 1010to 1011 cm"2 and 10 13 cm"2, respectively. Since dislocation density 
is a function of filament spacing as described in section 1.3.1, Verhoeven, et al. [24] 
suggested that the two orders of magnitude difference occurs because the interface coarsening 
at high temperature makes a significant contribution to the difference in resistivity when one 
compares the resistivity measured during heat-up with the resistivity measured during cool-
down. 
1.4 Instability of Composites 
For many years, metallic and non-metallic aligned fiber composites have been of 
interest for applications requiring high strength. Microstructure stability is indispensable for 
elevated temperature uses of structural materials. The stability is well established for the 
cases where temperature and strain are imposed either alone or sequentially. There are 
kinetic concerns about the potential loss of material properties due to microstructure changes 
and/or the interactions of phases. DMMC's are an example of a class of composite material 
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containing multiphases which are not uniform in size and shape. When the perturbation 
process occurs on such non-uniform composites, the situation of kinetic transformations is 
more complex and not as well understood. 
In 1978, Courtney [26] published a study of thermal and mechanical stability in finely 
divided structures. He suggested that the capillarity in finely divided composites can induce 
rapid microstructural coarsening. Courtney offered an example of a rod-like composite 
which has high dislocation density that induced the microstructure instability observed in 
systems with spheroidal dispersions. The value of dislocation density necessary for 
dislocation diffusion to contribute the same mass flux as lattice diffusion was estimated. Yet 
the dislocation density estimation could be applied in some special cases. It showed that 
unrealistically high values of dislocation density are required to appreciably increase the 
coarsening rate. In addition, an explanation for enhanced coarsening due to deformation in 
spheroidal composites was still missing. 
In the past decade, several DMMC studies have focused on the stability of the 
microstructure and on the degradation of the materials' properties that accompanies 
microstructural change. Spitzig, et al. observed that DMMC's experience a loss of strength 
when tensile tested at room temperature after exposure to elevated temperatures [27]. Using 
24-hour anneals, the study showed the effect of elevated temperature exposure on room 
temperature tensile strength of Cu-Nb and Cu-Ta. Cu-Nb DMMC strength loss was fairly 
small following exposure to 573 K and more pronounced following exposure to 873 K. 
Spitzig stated that the nano-scale filamentary structure of DMMC's provides a large driving 
force for energy minimization via phase size coarsening which would spheroidize the 
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filaments and coarsen them rapidly at elevated temperature. The filament coarsening of Cu-
Ta was less than that of Cu-Nb, resulting in better resistance to strength loss at high 
temperature for the Cu-Ta DMMC. The superior performance of Cu-Ta is due to the 
different melting temperatures of the second phase metals (Tmp of Nb=2470° C and Tmp of Ta 
= 3000° C), which would be expected to make the boundary diffusion that drives coarsening 
in Cu-Ta comparatively slower than such diffusion in Cu-Nb. 
Courtney, et al. [28] also observed instabilities of different DMMC systems at 
elevated temperature. Cu-Fe showed cylinderization, boundary splitting, and edge 
spheroidization; hypoeutectic Ni-W showed cylinderization; liquid-phase-sintered Ni-W 
showed boundary splitting, as shown in Fig. 1.2. They developed a series of shape instability 
diagrams that predicted the dominant coarsening mechanism based upon the interface energy 
and the plate aspect ratio. Primary instability focused on describing the mechanisms 
observed experimentally. The cylinderization results from a curvature difference driving 
force. Edge spheroidization is a consequence of the presence of perturbations along the 
ridge. Boundary splitting is a form of instability that proceeds by thermal grooving of such a 
boundary. Secondary effects which is longitudinal boundaries associate with boundary energy 
partly determine the progress of morphological evolution. 
Recently, Xu et al. [29] showed instability of second phase filaments occurred at 
room temperature in the Al-Sn DMMC in Fig 1.3 a) and 1.3 b). His assumption arose based 
on the intermixing of theoretical calculation of instability of cylindrically curved surface from 
Rayleigh [30] and Mullins [31]. Rayleigh suggest that when the system is unstable when the 
wavelength of perturbation, X, is higher than 2ttR (R is the radius of the cylinder) shown in 
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Fig. 1.4. When this occurs, atoms will move from point A to point B due to higher chemical 
potential at point A as stated from Mullins that the atoms tend to leave the curved groove to 
compensate the lowest free energy state. Hence, the presence of spheroidization phenomena 
at room temperature was attributed to the thermodynamic chemical potential gradient acting 
as a driving force on the system. 
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Figure 1.1 Phase diagrams for a) Au-Ag and b) Au-Pt. The dashed lines indicate the 
compositions selected for each composite in this study. 
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Figure 1.2 Courtney gf a/, illustrated the instabilities of composite systems at elevated 
temperature [28]. Cu-Fe showed cylinderization, boundary splitting, and edge 
spheroidization; hypoeutectic Ni-W showed cylinderization; liquid-phase-sintered Ni-W 
showed boundary splitting. It is also suggested the second effect can be partly determined 
from the progress of morphological evolution. 
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a) b) 
Figure 1.3 Longitudinal section of SEM micrograph of Al-20 vol%Sn. Note that the A1 
matrix is dark gray, and the Sn filaments are light gray [29]. a) photographed shortly after 
deformation, b) the spheroidization of the Sn filaments after storage for 2 Ms at room 
temperature. 
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Figure 1.4 A schematic illustration of the prediction of spheroidization from a cylindrical 
filament into spheres. In the case of X> 2tcR, chemical potential at point B is lower than at 
point A. Thus, atoms from point A will move to point B rendering the cylindrical geometry 
unstable and causing a change from filamentary to spheroidized morphology [29]. 
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CHAPTER 2 THERMAL STABILITY OF DEFORMATION 
PROCESSED GOLD-SILVER COMPOSITE 
A paper published in Scripta Materialia 
K. Wongpreedee1, A.M. Russell1'2, L.S. Chumbley1 
2.1 Abstract 
An Au-14 at.%Ag filamentary composite was annealed at 563, 573, and 583 K. 
Electrical resistivity was used as a measure of the degree of transformation from the initial 
metastable nano-filamentary microstructure to the equilibrium solid solution microstructure. 
The activation energy of this transformation was determined to be 141 kJ/mol. 
Keywords: Diffusion, composites, resistivity, microstructure, gold 
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2.2 Introduction 
The high electrical conductivity, oxidation resistance, and ductility of Au make it an 
excellent material for interconnection wires in microprocessor circuits. However, the 
relatively low strength of commercially available Au interconnection wire limits the diameter 
and pitch that can be used in circuit assemblies. Several efforts have been made to increase 
wire strength while avoiding unacceptable degradation of electrical conductivity. In the early 
1990's, a precipitation hardening Au-1 wt%Ti alloy was introduced that exhibited outstanding 
strength both at room temperature and at elevated temperatures [1]. Unfortunately, wire 
bonding tests with Au-l%Ti showed excessive stiffness and hardness for interconnect 
bonding procedures. In the late 1990's, Au-Ag and Au-Pt deformation-processed metal-metal 
composites (DMMC's) were developed with high conductivity and high strength [2, 3]. The 
high strength of DMMC's has been attributed to the high dislocation densities near second-
phase interfaces [4] the existence of geometrically necessary dislocations [5] and the 
interfaces' action as barriers to dislocation motion [6, 7]. Others have argued that the closely 
spaced minor-phase filaments leave such small volumes of Au that Frank-Read dislocation 
sources are inhibited from producing dislocations; and these minor phase filaments also act 
as barriers to dislocation motion in the matrix [3,8]. The high electrical conductivity of these 
DMMC's results from the minimal scattering effect of the pure Ag or Pt filaments oriented 
parallel to the wire axis in a pure Au matrix. 
Although the strength and conductivity of these DMMC's are high, they have a non-
equilibrium two-phase microstructure with filaments that are only tens of nanometers in 
diameter. Consequently, there is concern that a temperature only slightly above ambient 
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might cause these composites to revert to the single-phase solid solutions predicted by their 
equilibrium phase diagrams. 
In this study, the thermal stability of an Au-14 at%Ag DMMC was examined by 
subjecting specimens to various combinations of annealing times and temperatures and then 
measuring the resulting changes in resistivity and microstructure. The activation energy of 
Ag filament atoms into the Au matrix was then calculated for this Au-14 at% Ag DMMC and 
compared with the published activation energy for Ag diffusion in Au determined by 
conventional planar interface diffusion couple experiments. 
2.3 Experimental procedure 
The Au-14 at%Ag (which is also Au-14 Vol% Ag) DMMC studied in this experiment 
was prepared by powder metallurgy, swaging, and wire drawing. A detailed description of 
the preparation method has been reported elsewhere [2]. The Au-14 at% Ag composite wires 
were mechanically drawn to a diameter of 122 pm, which corresponds to a total deformation 
true strain of 9.3 [2, 3], Wires were sealed in glass ampoules and annealed at temperature of 
563, 573, and 583 K for various times. After annealing, the degree of transformation from 
the non-equilibrium nano-filamentary microstructure to the equilibrium solid solution was 
determined by electrical resistivity measurements made with a standard four-probe 
potentiometric technique [9, 10]. 
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2.4 Results and Discussion 
As expected, scanning electron microscope (SEM) examination of the microstructure 
of the specimens showed progressively greater amounts of Ag dissolution into the Au matrix 
as annealing time increased (Fig. 2.1 a and 2.1 b). For long annealing times at high 
temperature, Ag filaments become progressively more difficult to discern in SEM 
micrographs (Fig. 2.1 c), and they finally disappear completely. 
The transformation from the heterogeneous filamentary microstructure of the DMMC 
to a completely homogeneous solid solution was considered complete when the resistivity 
reached its maximum. The electrical resistivity of the solid solution is 7.0 |j,Q-cm [11], 
substantially higher than the 3.4 fxQ-cm resistivity of the DMMC. The transformed fraction 
was defined as: 
(2.1), 
Pmax Po 
where y is the transformed fraction and po, pt, and pmax are the resistivities before annealing, 
after annealing for time t, and of the homogeneous solid solution condition respectively. 
From the Johnson-Mehl-Avarami (JMA) equation, the solid-state transformation can be 
expressed as: 
y = l-exp[-(kt)"] (2.2), 
where n is the power related to the transformation mechanisms and k is the transformation 
rate constant at a given annealing temperature. Fig. 2.2 shows the change in room-
temperature resistivity as a function of annealing time at the three annealing temperatures. 
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The final point on each curve is the electrical resistivity very near that of a homogeneous 
solid solution. 
From the JMA equation, the relation of transformed fractions and times can be 
obtained by taking the double logarithm of equation (2.2) to yield: 
Eq (2.3), in turn, can be used to solve for two unknowns, n and k, from the plot of In 
In [l/(l-y)] against In t in Fig. 2.3. The slope of the corresponding straight line yields a mean 
n value of 0.50. The k values from the intercepts on the In [1/(1 -y)] axis are 1.54x10"4 s"1, 
l.lSxlO"4 s"1, and 5.48xl0"5 s"1, at 583, 573, and 563 K, respectively. 
Generally, the plot of the transformation rate, k, against the reciprocal of annealing 
temperature yields an activation energy, Q as the slope of the plot according to the following 
relationship: 
where R is the gas constant, T is absolute temperature, and A is a constant. The activation 
energy is the energy required for a diffusive motion of atoms. By this method, the activation 
energy of 141 kJ/mol was calculated from the plot of the relation between transformation 
rates and temperatures shown in Fig. 2.4. 
In  In  =n ln t+n lnk  
>y_ (2.3). 
(2.4) 
after taking the logarithm of eq (2.4) 
-0 Ink  =  +  In  A  
RT (2.5), 
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As Table 2.1 shows, the activation energy determined by this experiment is lower 
than the activation energies reported by Mallard [12] for diffusion of Ag in Au and of Au in 
Ag as measured with single crystal diffusion couples with a planar interface. 
Since the microstructure and the defect concentrations of the Au-Ag composite differ 
greatly from those of the annealed single crystals used for diffusion couple experiments, there 
are a number of possible reasons why the activation energy determined in this study might 
differ from the values for diffusion of Ag in Au and of Au in Ag. The composite material 
was heavily deformed by swaging and wire drawing, so the high dislocation densities that 
some investigators assume near the phase interface [4, 8] would provide numerous "short 
circuit diffusion pathways" down the dislocation cores [13, 14]. The presence of dislocations 
would seem to be a factor that would accelerate diffusion mechanism (i.e. lower the Q 
measured in this experiment), although this study did not measure dislocation concentrations, 
and thus there is no direct determination that the dislocation concentrations are actually 
elevated in the DMMC's. 
A related manifestation of a high dislocation density near the Au-Ag interface is that 
the number of vacancies in the composite is presumably far higher than the vacancy 
concentrations present in single crystal diffusion couple materials. Vacancy concentration 
would be expected to be particularly high near the Au-Ag interface where dislocation pile-
ups and intersections would cause the greatest density of non-conservative dislocation motion 
involving jogged screw dislocations and mixed dislocations. Increased vacancy 
concentrations normally accelerate diffusion (as is observed in irradiated metals) giving a 
lower Q value. However, a lower Q value for the DMMC's of this study may not be a simple 
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cause-and-effect relationship since there is a well-known tendency of solute atoms to bond 
with vacancies. If Ag atoms have an appreciable affinity for vacancies in the Au matrix, the 
possibly higher concentrations of vacancies near the Au-Ag interface may not necessarily act 
to accelerate Ag migration into the Au. Ag atoms diffusing into the Au matrix would be 
attracted to the nearby vacancies in the Au. Once formed, the vacancy-solute atom pairs 
would have a lattice strain bias to migrate back toward the interface, which would have the 
effect of returning the Ag atoms to the Ag filament as the vacancies are annihilated at the 
interface. Such vacancy-solute atom bonding has been previously reported in several systems 
[15], and this effect has been exploited in commercial alloys to retard precipitation hardening 
reactions in aluminum. 
Still another factor that could contribute to a lower Q value in DMMC's than in planar 
diffusion couple studies is the small radius of curvature of the DMMC Ag filaments. 
According to the capillarity effect or Gibbs-Thompson effect, the chemical potential of an 
atom on a curved surface can be expressed as n=po+yVic, where (o,q is the chemical potential 
of an atom at a flat surface, y is surface energy, K is surface curvature, and V is atomic 
volume. It was suggested when the radius get smaller in the range of 10 nm, the capillarity 
effect sensitively plays an important role [16]. With the curvature effect, the activities of 
atomic movement toward convex side of the metastable filamentary Ag in Au matrix is 
greater than the system of the Ag-Ag interplanar interface diffusion couple to homogeneous 
solid solution. 
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2.5 Summary 
The thermal stability of Au-14 at% Ag metastable filamentary composites was 
examined. Electrical resistivity measurements were carried out to investigate the degree of 
transformation during annealing at 563, 573, and 583 K for various time periods. These 
annealing treatments converted the DMMC's to the equilibrium single-phase solid solution. 
An activation energy of 141 kJ/mol was calculated from the Arrhenius plot obtained from 
transformation rates measured by the changes in resistivity. It is suggested that the lower 
activation energy measured in the Au-Ag DMMC may be attributable to the defects present 
in the Au-Ag DMMC composite and to the small radius of curvature of the Ag filaments. 
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Table 2.1 Comparisons of the activation energy determined by this study with those from the 
single crystal diffusion couple experiments of Mallard, et alia. 
System Q (kJ/mol) Ref. 
Au diffusion in Ag single crystal 202 [12] 
Ag diffusion in Au single crystal 168 [12] 
Au-14 at%Ag DMMC 141 This study 
31 
1 5$jr £«** r jr 
a) b) c) 
Figure 2.1 SEM back-scattered electron images of the longitudinal microstructure of an Au-
Ag DMMC. The Ag is visible as dark filaments oriented approximately horizontally in the 
Au matrix (a) before annealing and (b) after annealing at 573 K for 1.2 ks. (c) an annealing at 
573 K for 12.3 ks has partially dissolved the Ag filaments into the Au matrix, and they are 
more difficult to discern. The black regions are voids remaining from the original P/M 
processing; the shallow "scalloped" surface contours are a polishing artifact. 
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Figure 2.2 Plot of electrical resistivity versus the annealing time for Au-14 at% Ag DMMC 
annealed at the three temperatures marked. Error bars indicate ± one standard deviation. 
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Figure 2.3 Plot of the Au-14 at% Ag DMMC transformation of ln ln [1/(1 -y)] with In t. 
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Figure 2.4 The relation between transformation rates and the reciprocal temperatures of Au-
14 at% Ag DMMC. 
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CHAPTER 3 THE STABILITY OF AG AND PT NANOFILAMENTS IN 
AU 
A paper submitted to Journal of Materials Science 
K. Wongpreedee1'2 and A.M. Russell1 
3.1 Abstract 
Au-7 at.% Pt and Au-7 at.% Ag Deformation-processed Metal Metal Composites 
(DMMC) were isothermally annealed at various times and temperatures. Avrami and 
Arrhenius relations were used to evaluate the kinetics of the transformation from the initial 
metastable nanofilamentary microstructure to the equilibrium homogeneous solid solution 
condition. Results indicated that the activation energies for this transformation were 156 ± 8 
kJ/mol for Au-7 at.% Ag DMMC and 167 ± 6 kJ/mol for Au-7 at.% Pt DMMC. These 
activation energies are lower than the activation energies from the literature for Au-Ag and 
Au-Pt diffusion. The effect of chemical potential, surface curvature, and strain effects on the 
empirical activation energies determined in the DMMC's of this study are discussed. These 
factors are thought to cause the DMMC systems to reach equilibrium faster than Au-Ag and 
Au-Pt single crystal, planar diffusion couples. 
Keywords: Gold, Composite, Transformation, Capillary, Activation Energy 
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3.2 Introduction 
During the past quarter century, several Deformation-processed Metal Metal 
Composites (DMMC's) have been developed. In sharp contrast to the limited ductility of 
conventional metal matrix composites reinforced by ceramic filaments, DMMC's have been 
cold worked to reductions in area greater than 99.99% in the Cu-Nb [1], Cu-Ag [2], Au-Ag 
[3], and other systems [4]. In addition, metal reinforcement filaments, unlike ceramic 
reinforcements, contribute substantially to conductivity. 
The criteria for successful processing of a DMMC are that the two candidate metals 
possess good ductility, mutual immiscibility in the solid phase without intermetallic 
compound formation, and roughly similar flow stresses and melting temperatures. The 
typical microstructure of axisymmetrically deformed DMMC's is cylindrical filaments for fee 
filament-fcc matrix systems or ribbon-shaped filaments for bcc filament-fcc matrix systems 
(Fig. 3.1). The shape of the filaments in DMMC's results from texture development during 
deformation that causes plane strain deformation of bcc filaments but permits triaxial strain 
in fee filaments [4], 
Although considerable attention has been devoted to explain the high strength of 
DMMC's [1-4], less attention has been devoted to study the changes in DMMC 
microstructure and properties that result from prolonged exposure to elevated temperatures 
during service. Since they are metastable structures, DMMC's are vulnerable to filament 
coarsening due to energy minimization from the large driving force of the capillary effect. In 
the previous studies discussed below, thermal instability has been studied by measuring 
changes in mechanical properties and filament shape. 
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Spitzig, et alia [5], studied tensile properties after high temperature annealing of Cu-
Ta and Cu-Nb DMMC's. They found that Ta second phase filaments display slower 
coarsening than Nb filaments, presumably due to slower boundary diffusion in Ta. They also 
found that both DMMC's showed substantial loss of room temperature strength after anneals 
at 873 K. More recently, Lee, et alia [6], performed tensile tests and examined the fracture 
behavior on a Cu-Cr DMMC in the temperature range 203 to 873 K to study the load transfer 
between the Cr filaments and the Cu matrix. They suggested that the copper becomes much 
more plastic (softer) than the chromium with increasing temperature by observing 
microstructure damage near the filament ends. One of the first studies of the shape instability 
of DMMC's was performed by Malzahn Kampe, et alia [7], on Cu-Fe and Ni-W DMMC's. 
In that study coarsening was observed to be a sequential process beginning with a primary 
shape instability condition, followed by cylinderization, boundary splitting, and edge 
spheroidization. The microstructural change ended when the second phase was completely 
converted from a filamentary or lamellar morphology to spheres dispersed in the matrix. 
In a more recent study, Xu, et alia [8], observed spheroidization of Sn filaments in an 
Al-Sn DMMC; this process occurred even at room temperature due to the low melting point 
of Sn. Xu observed that filamentary coarsening began when the second phase had a 
sinusoidal shape perturbation along its length that reached a critical wavelength value. Once 
it occurred, the instability progressed to spheroidization due to a chemical potential 
difference from the Gibbs-Thompson driving force. His assumption was correlated with 
earlier theoretical calculations of instability of cylindrically curved surface perturbation from 
Rayleigh [9] and of chemical potential as a driving force of grain boundary grooving from 
Mullins [10]. 
In this study the rate of transformation of Au-Ag and Au-Pt DMMC's was measured 
and analyzed. The Au-Ag and Au-Pt DMMC's were developed for potential use for 
interconnect wires for microprocessors and for wear resistant switch contacts. Johnson-
Mehl-Avrami (JMA) and Arrhenius equations were used to analyze the activation energy of 
filament transformation. The Au-Ag and Au-Pt systems differ from the systems examined in 
previous coarsening studies because Ag and Pt are completely soluble in the Au matrix in the 
solid state. At elevated temperatures the Ag and Pt filaments do not change shape; they 
simply dissolve into the matrix. Thus, the Ag-Au and Pt-Au DMMC's transform from a 
metastable filamentary structure to the equilibrium homogeneous solid solution following the 
JMA equation for this physical change. This means that there is no effect of energy due to 
shape conversion to spheres because spheres do not form. It also means that no critical 
wavelength or other perturbation criteria must be satisfied before change begins in the 
filaments; any Ag or Pt filament shape is inherently unstable in a Au matrix. However, the 
capillary effect of the second phase will be expected to affect the rate of transformation as a 
driving force mechanism. It is hoped that the results of this study will improve understanding 
of the nature of instability rate transformations in DMMC's. 
3.3 Experiment 
Au-Ag and Au-Pt binary systems are well-suited to DMMC production because 
neither system contains intermetallic compounds nor the flow stresses of Ag and Pt are 
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significantly different than that of Au. Au-7 at. %Pt and Au-7 at. %Ag powder blends were 
mixed and compacted by cold isostatic pressing (CIP) at 172 MPa [11]. The particle sizes of 
Au, Ag, and Pt powders were 1.4 to 7.2 j^m, 4-7 |xm, and 1-3 jim, respectively. The CIP 
compacts were sealed for consolidation in annealed copper cans and then mechanically 
deformed by extruding, swaging, and wire drawing at room temperature. The heat generated 
by mechanical processing was removed as quickly as possible after each deformation step by 
immersing the specimens in cold water to minimize the opportunity for inadvertent formation 
of equilibrium microstructure during deformation. The copper sleeve was removed from the 
wire with HNO3 acid at a deformation true strain, r), of 5.8. With the adjustment for collapse 
of 30% porosity in the CIP compact, r| was calculated as r|= 2 In (do/df), where d0 is the 
initial wire diameter and df is the final wire diameter. Finally, the sample was wire drawn to 
T) = 9.35 with a mean diameter of 122 (im. At this point, the microstructure and kinetic 
transformation analyses were performed. 
Au-X wires were sealed in glass ampoules and annealed at various temperatures for 
various times. The Au-7 at %Pt wires were isothermally annealed at 691, 721, and 751 K 
and the Au-7 at %Ag wires were isothermally annealed at 559, 573, and 586 K. After each 
anneal, the degrees of transformation from the non-equilibrium to the equilibrium solid 
solution were determined by electrical resistance measurements performed at room 
temperature by a standard four-probe potentiometric technique [12, 13]. Since all samples 
were measured at room temperature, the effect of resistivity change due to temperature 
difference was assumed to be nil. 
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Scanning electron microscope (SEM) specimens were prepared by ordinary 
metallographic techniques and examined in the unetched condition. A JEOL SEM was used 
to observe the Au-7 at %Pt and Au-7 at %Ag DMMC microstructure. 
3.4 Calculation Method 
The kinetic analyses were divided into two parts. The first part was analysis of the 
Au-Ag rolled sample as a comparison to DMMC's system. Au-Ag rolling sheet was cut to 
obtain strips. Then, the strips were annealed at 973, 983 and 993 K. The transformation 
fraction of intermix Au-Ag diffusion couple, y, can be calculated as 
y=Tzir PD-
max 0 
The DMMC wires were annealed to study the kinetics of Ag and Pt filamentary 
dissolution by diffusion into the Au matrix. Annealing transforms the metastable two-phase 
systems to homogeneous solid solutions, which are the equilibrium states. The transformed 
fractions of metastable DMMC's to homogeneous solid solution, y ' are defined as: 
/= Pt Pi) (3.2), 
Pmax Po 
where po, pt, and pmax are the resistivitiy before annealing, after annealing for time t, and in 
the homogeneous solid solution condition respectively. 
The empirical homogeneous solid-state transformation considering time and 
temperature dependence can be expressed by the JMA equation: 
y or y' = \-Qxp[-(t)n\ (3.3), 
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where n is the power related to the transformation mechanisms, and k is the transformation 
rate constant of homogenization at a given annealing temperature. The final point on each 
curve in a value of electrical resistivity very near that of a homogeneous solid solution. It is 
assumed that the Avrami equation is valid for the transformation of volume fraction from 
metastable state to homogeneous equilibrium solid solution. 
From the JMA equation, the relation of transformed fractions and times can be 
obtained by taking the double logarithm of Eq. (3.2) to yield: 
1 In In -n In t + n In k (3.4). 
I - y  
The n and k can be obtained by the slope and intercept of the graph. Using an 
atomistic model to describe the diffusion process, a physical interpretation of the activation 
energy is determined from the Arrhenius equation; 
-Q k = A exp 
after taking the logarithm of Eq. (3.5), 
(3 5) 
V RTy 
l n h =  
~KT +  l n A  ( 3 ' 6 ) '  
where R is the gas constant, T is absolute temperature, and A is a constant. The plot of the 
transformation rate against the reciprocal of annealing temperature yields an empirical 
activation energy (discussed in more detail in section 5), Q, as the slope of the plot. The 
activation energies are the energies required for diffusive motion in these DMMC systems. 
43 
3.5 Results 
The isothermal transformation kinetics of Au-7at%Ag and Au-7at%Pt DMMC 
display the classic sigmoidal shapes shown in Fig. 3.2. It was assumed that the resistivity 
changes were directly proportional to the amount of transformation products formed. The 
kinetic exponent parameters, n, can be determined from the straight line plots of lnln[l/(l-y)] 
against In t shown in Fig. 3.3. The results show that Au-7at%Ag and Au-7at%Pt yield a 
mean kinetic exponent of 0.45 in the range of 559-587 K and 0.57 in the range of 691-751 K, 
respectively. 
The activation energies of Au-7at%Ag and Au-7at%Pt DMMC were calculated from 
the plots of the relation between transformation rates and temperatures shown in Fig. 3.4. As 
Table 3.1 shows, the activation energy determined by this experiment is lower than the 
activation energies reported by other investigators for diffusion of Ag in Au, of Au in Ag, of 
Pt in Au, and of Au in Pt as measured with single crystal diffusion couples with a planar 
interface. Due to the rolling process, the samples of Au-Ag lamellar planar interface were 
not perfectly bonded at which the tiny gap between interfaces cause the sluggish atomic 
diffusion leading to the activation energy of planar interface in this experiment higher than 
the ones reported from literature. 
Fig. 3.5 shows SEM backscatter image of the wire draw to 640 pm (Au-Pt) and 122 
|im(Au-Ag). As the true strain deformation increase to r|=9.3, the filament decrease to the 
average of 30nm. In all specimens the filaments were observed to develop parallel to the 
wire axis, in the normal manner for such DMMC's. Figure 3.6 shows the microstructure of a 
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specimen in which the Ag filaments have disappeared by diffusion to a homogeneous solid 
solution. 
3.6 Discussion 
The instability of these composites is characterized by the activation energies 
determined in this study. Factors affecting the activation energy of this complex system 
include: interface diffusion which has a chemical gradient across the interface; surface 
diffusion which has a chemical potential from the surface curvature; and a strain effect from 
coherency energy, stored elastic energy, and high concentrations of defects resulting from 
plastic deformation. Therefore, the empirical activation energy, Q, can be subdivided into 
three terms, one for the activation energy of the chemical free energy Qj, another for the 
activation energy of surface curvature, Qc, and a third term for the activation energy of the 
strain effect, Qs. The first effect, Qj, is clearly seen in the difference between the activation 
energies in the literature for single crystal planar diffusion of Au-Ag and Au-Pt. The latter 
two effects are both expected to promote faster diffusion in the system, leading to the 
observed lower activation energies vis-à-vis published values from single crystal diffusion 
couple studies. The atomistic approaches for those three parameters are described in the 
following sections. In addition, the kinetic mechanisms of the Au-7at.%Ag DMMC and the 
Au-7at.%Pt DMMC will be compared. 
3.6.1 Chemical Free Energy 
The table 3.1 shows that for both the Ag-Au DMMC and the Pt-Au DMMC, the 
activation energy is lower than the activation energy determined by previously published 
diffusion couple studies. The Au-7at%Pt DMMC activation energy is 33% lower than that of 
the Au-Pt diffusion couple studies, while the Au-7at%Ag DMMC activation energy is 7 to 
22% lower than those of the Au-Ag diffusion couple studies. The atomistic interpretation of 
this disparity is that these differences can be attributed to chemical bonding effects. The 
bonding energy of Pt-Au is expected to be stronger than the Ag-Au bond due to the higher 
melting temperature of pure Pt. Pt has an incompletely filled 5d subshell, whereas Ag has a 
completely filled 4d subshell; thus, Pt has more electrons available for bonding. 
3.6.2 Surface Curvature 
As has been discussed elsewhere [18], the capillary effect may become an important 
factor in diffusion processes when the particle size becomes small. The Gibbs-Thompson 
approach can be used to predict the magnitude of the kinetic perturbations involving a curved 
interface. (The equilibrium condition between two phases in an n-component system is a 
familiar use.) This approach provides guidance in explaining the effect of filament surface 
curvature in the transformation from a DMMC microstructure to a homogeneous solid 
solution. It is assumed that the metastable equilibrium condition between filament and 
matrix separated by a curved interface can be obtained by equating the chemical potential in 
the two phases with the curvature effect. 
The chemical potential change at the filament-matrix interface can be expressed as: 
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Hm(T,P0) = ^(T,P0) + yvK 
or, 
Hf(T,P0) - M*m(T, P0) + yvmK = 0 (3.7), 
where jo,f and |_i.m are the chemical potential of the second phase filament and of the matrix, 
respectively , y is interface energy, K is the mean curvature of the interface, v is the molar 
volume of the filament phase, and Po is the pressure of the filament (for a flat interface, this 
equals the external pressure on the system.) Eq (3.7) is valid under the condition yic « Po. 
It is assumed that the curvature of the DMMC filament is as smooth as a cylinder, 
then K - dA/dV. In the case of cylindrical dA/dr=2%h and dV/dr = 2nrh. According to the 
chain rule dA/dV=(dA/dr)/(dr/dV), we obtain dA/dV =l/r which allows substitution of 
interface curvature by K = 1/r. The chemical potential will be explained in term of a common 
thermodynamic property, activity of component a*. Therefore, Eq (3.7) and 
Hk - M'k = RT In ak can be modified 
RT In a f - RT In am Y
Vm 
r 
or 
/ 
— = exp YVm (3.8) 
RTr 
and for small values of the exponent 
m 
(3.9) 
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Therefore, we can then estimate whether the effect of radius size will be important for 
the typical filament sizes seen in the Ag-Au and Pt-Au DMMC's. For example, the typical 
values in the case of Ag-Au are: T =573 K, y=375 mJ/m2, Vm = 10"5'm3, and R = 8.31 J mol"1 
K"1 give 
af 1 
^ = 1+ (3.10). 
am r(nm) 
Eq. 3.10 shows the effect of activity ratio of filament and matrix. For example, the 
small filament size range (20-40 nm) of DMMC can significantly increase the ratio of the 
activity to 1.025-1.05. Thus, to a degree, the size of filament can kinetically impact the 
driving force of DMMC metastability to equilibrium homogeneous solid solution. 
3.6.3 Strain effect 
There are two major contributions from strain energy to the activation energy of the 
system. The first is the lattice misfit between the filament and matrix. Lattice misfit between 
two lattices (S) can be approximately defined by: 
d n  —d„ 
d. 
(3.11) 
a 
where dp and da are the unstressed interplanar spacings of matching planes in the filament 
and matrix phase respectively. Au, Ag, and Pt are all fee (cF4) with lattice parameters of 
0.40786 nm, 0.40863 nm, and 0.39240 nm respectively. Thus, Ô = 0.1 % for Au-Ag and 5 = 
3.0 % for Au-Pt. These small differences suggest that the Au-Ag interface could be coherent 
over extended distances, and the Au-Pt interface could also maintain coherency over 
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moderate distances. The low energy of a coherent interface would be expected to have less 
effect on changing the activation energy than would a high degree of misfit. Thus, we 
conclude that the misfit contribution to altering the activation energy is probably negligible in 
the Au-Ag DMMC and small in the Au-Pt DMMC. 
Stored energy provides the second contribution from strain energy to the activation 
energy. High-purity Au and Ag quickly undergo recovery and recrystallization at room 
temperature after deformation. However, other investigators have reported that heavily 
deformed Pt (89.5% reduction) recrystallizes at approximately 698 K in 15 minutes [19]. 
Thus, we conclude that the effect of stored energy on altering the activation energy in the Ag-
Au DMMC is probably negligibly small. However, the presence of stored energy (i.e. high 
dislocation density and excess vacancies) in the Pt filaments may accelerate diffusive mixing 
in the Pt-Au DMMC. 
3.7 Conclusion 
1. The activation energies for Au-7at%Ag and Au-7at%Pt DMMC transformation to solid 
solutions are 156 ± 8 kJ/mol and 167 ± 6 kJ/mol, respectively. These measured activation 
energies are the true activation energy for intermixing by diffusion altered by the effects of 
the defects present in the DMMC's. The empirical activation energies determined in this 
study for Au-7at%Ag and Au-7at%Pt DMMC's are lower than the activation energies 
determined by other investigators for single crystal, planar interface Ag-Au and Ag-Pt 
diffusion couples. 
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2. Transformation of these metastable DMMC's to homogeneous solid solutions shows a 
kinetic exponent, n, of ~ 0.5. The physical meaning of diffusivity of DMMC can be 
explained in terms of the percent of transformation of microstructure with respect to 
resistivity as shown in Figure 3.7. 
3. The activation energies of Au-7at%Ag DMMC and Au-7at%Pt DMMC are lower by 7-
22% and 33%, respectively, than the activation energies determined by other investigators for 
these metals using single crystal diffusion couples with a planar interface. This may indicate 
that the curvature effect and bonding energy effect in Au-7at%Pt DMMC is greater than in 
Au-7at%Ag DMMC. 
4. We estimate that for filament sizes of 20-40 nm diameter, the capillary effect would 
increase the activities of these DMMC's by a factor of 1.025 to 1.05. 
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Table 3.1 Comparison of activation values from the literature and activation values 
determined in this study. 
System Q (KJ/mol) Temperature 
Range (K) 
Reference 
Au198 in Ag diffusion couple 202 1073-1205 [14] 
Ag110 in Au diffusion couple 168 972-1281 [15] 
Au199 in Pt diffusion couple 252 853-1265 [16] 
Pt195 in Au diffusion couple 254 1173-1329 [17] 
Au-Ag rolled sheet diffusion couple 223 973-993 This study 
Au- 7 at % Ag DMMC to equilibrium 156 559-586 This study 
Au- 7 at % Pt DMMC to equilibrium 167 691-751 This study 
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a) b) 
Figure 3.1 A depiction of typical microstructure in axisymmetrically deformed DMMC's. 
a) Cylindrical filaments of fcc-fcc binary metals. The filaments change from equiaxed 
powder particles to filaments that are approximately cylindrical in shape during deformation 
processing [4]. b) Ribbon-shaped filaments of fcc-bcc binary systems. The system shows 
ribbon-like filaments that result from the plane straining mode present in textured bcc [4], 
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Figure 3.2 Plot of electrical resistivity versus the annealing time for Au-7at%Pt and Au-7 
at% Ag DMMC's annealed at the three temperatures marked. Error bars indicate ±one 
standard deviation. 
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Figure 3.3 Plots of the Au-7at Pt and Au7 at% Ag DMMC transformation of In In [1/(1 -y)] 
with In t. 
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Figure 3.4 The relation between transformation rates and the reciprocal temperatures of Au-
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a) b) 
Figure 3.5 SEM micrograph in BSE mode shows the filamentary microstructure of Pt and Ag 
second phase. The pictures were taken in longitudinal cross section, a) Pt second phase 
starting to form short filaments in the Au matrix for Au-7 at% Pt DMMC at diameter of 640 
p,m. b) at 122 |_im, filament show loner elongation and smaller diameter. The microstructure 
of Au-7 at% Ag DMMC filaments in the Au-Pt DMMC is very similar. 
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Figure 3.6 After annealing for 60 hours at 573 K, BSE image shows that Ag filaments have 
partially dissolved into the Au matrix at a wire diameter of 120 (am, and they are more 
difficult to discern. Energy dispersive spectrometry showed that the small, equiaxed, black 
regions are SiC abrasive residue lodged in the specimen surface from metallographic 
preparation. 
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Figure 3.7 Microstructural changes in the Ag-Au DMMC observed at various stages of the 
transformation during annealing at 573 K. 
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CHAPTER 4 KINETIC TRANSFORMATION OF 
NANOFILAMENTARY AU METAL-METAL COMPOSITES 
A paper submitted to Gold Bullentin 
K. Wongpreedee1,2 and A.M. Russell1 
4.1 Abstract 
Recovery and recrystallization of Au wire can degrade strength and alter conductivity 
properties during exposure to elevated temperature. Au Deformation Processed Metal Metal 
Composites (Au DMMC's) are being developed for electronic applications requiring high 
conductivity and high strength. This paper discusses the relationships between 
microstructure, strength, and resistivity of Au DMMC's. It also presents the results of a 
recent study on the elevated temperature stability of Au DMMC's of several compositions. 
Au-7 vol %Ag, Au-14 vol %Ag, and Au-vol 7%Pt DMMC samples were prepared by a 
powder metallurgy technique. All specimens were processed into wire by extrusion, 
swaging, and drawing. The smallest final diameter of these wires was 120 p,m. Thermal 
stability was analyzed by electrical resistivity measurements to determine the relation 
between transformation rates and time at elevated temperature. The extensive deformation 
used to produce these composites reshaped the initially equi-axed powder into filaments that 
are 30 to 100 nm in diameter and 16 to 180 mm in length. The small filament diameter 
confers high strength on the composite. The high conductivity can be explained by electrons 
flowing parallel to the filamentary microstructure aligned with the wire axis. Using the 
Avrami and Arrhenius equation relationships, it is possible to predict the times and 
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temperatures needed to achieve various degrees of homogenization. The Au DMMC's were 
found to have good thermal stability compared to conventional cold-worked Au 
interconnection wires. Although these composites will revert to solid solutions if exposed to 
high temperatures for prolonged time periods, their relative stability is sufficient to allow 
them to maintain their two-phase microstructure during the anticipated lifetime temperature 
profiles of many products. 
Keyword: Gold, composite, transformation kinetics, interconnection wire, dislocation 
'Metal and Ceramic Sciences Program, Ames Laboratory, Iowa State University, Ames, IA, 
50011, USA. E-mail: kaw4@iastate.edu 
^Corresponding author 
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4.2 Introduction 
High strength and high conductivity are desirable properties for numerous electronic 
applications. Gold (Au) is frequently used for electronic applications because it possesses 
high electrical conductivity, excellent ductility, and a contact surface free of oxidation films. 
During the past two decades, the demand for Au in the electronic industry has increased 
steadily and currently totals 280 tons per year [1]. The largest industrial use of Au in 
electronics is for interconnection wires. Although other technologies may eventually replace 
interconnection wires from microprocessor circuits [2, 3], it seems likely that this technology 
will continue to be widely used for several more years. 
The relatively low strength of commercially available Au interconnect wire constrains 
the minimum wire diameter and pitch that can safely be used in circuit assemblies. Similarly, 
the limited hardness available in high conductivity Au alloys leads to accelerated wear in 
electrical switches and connectors. In addition, recovery and recrystallization of Au wire can 
degrade strength and even conductivity properties during exposure to elevated temperature 
during wire bonding (up to 250° C for 50 ms) and encapsulation packaging (175° C for 3-6 
hours) [4]. The present strengthening strategies for Au interconnect wire are limited to cold 
work processes and additions of various alloying elements at low concentrations (-tens of 
ppm level). Higher strength and better retention of strength at elevated temperature could be 
achieved by using higher alloying element concentrations, but higher alloy concentrations 
raise electrical resistivity to unacceptable levels. 
New materials are needed to improve the strength and thermal stability of Au alloy 
used for interconnection wire and for related applications. Au Deformation Processed Metal 
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Metal Composites (Au DMMC's) are being developed for electronic applications requiring 
high conductivity and high strength [5, 6], Au-Ag and Au-Pt DMMC's possess an 
extraordinary combination of properties due to their nanofilamentary microstructure of 
second phase metals in a Au matrix. Table 4.1 shows strength and resistivity relations of 
DMMC's [7], The DMMC microstructure produces a Au-based material of 120 micron 
diameter with high strength (CTUTS = 665 MPa) and low electrical resistivity (3.07 |j,Q-cm) [8], 
By comparison, a 20-micron diameter commercial Au interconnect wire, sold by one of the 
leading suppliers to the semiconductor industry, has 300 MPa tensile strength and 3.24 (iQ-
cm resistivity. These properties suggest that Au DMMC's could be useful materials for 
interconnect wires, especially in applications such as low-long loop packing [9]. It could also 
solve problems for users of ribbon wires in advanced packages in wireless and optoelectronic 
applications. However, the stability of the Au DMMC microstructure must be well 
characterized to assure reliability for long life-time applications. Concerns arise regarding 
the effect of heating on the metastable microstructures of Au DMMC's during wire bonding 
and encapsulation packaging of chips or during the arcing and ohmic heating that can occur 
in switch contacts and connectors. 
Even though the filaments of Au-Ag and Au-Pt DMMC wire at room temperature 
show long-term (i.e. years) stability against homogenization by diffusion and against 
spontaneous morphology changes in the filaments [5], the Au-Ag and Au-Pt equilibrium 
phase diagrams predict that simple solid solutions are the lowest energy configuration for 
these materials. In the study reported here, the kinetics of diffusion-driven intermixing of Ag 
and Pt atoms into the Au matrix in the system of Au-Ag and Au-Pt DMMC's were measured 
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to determine the parameters in the Avrami and Arrhenius equations governing the 
intermixing [10, 11]. Once these values are known, it is possible to predict microstructural 
transformation rates at the times and temperatures known to exist for various engineering 
applications. This, in turn, allows prediction of whether these materials can perform 
satisfactorily in actual engineering service. 
4.3 Experimental Procedure 
4.3.1 Sample Preparation 
The samples were prepared by mixing powders to produce Au-14 at. %Ag, Au-7 at. 
%Ag, and Au-7 at. %Pt powder. These blended powders were formed into green bodies by 
cold isostatic pressing (CIP). The CIP'ed compacts were sealed for consolidation in annealed 
Cu cans and then deformed by extruding, swaging, and wire drawing at room temperature. 
The Au-Pt and Au-Ag rods with Cu sleeves were swaged at room temperature to a 
deformation true strain of r\ - 5.8, and the Cu sleeve was then removed by dissolution in 
HNO3 acid. With adjustment for collapse of 30% porosity in the CIP'ed compacts, r| was 
calculated as r\= 2 ln(d0/df), where d„ is the initial wire diameter and df is the final wire 
diameter. Finally, the sample was drawn to r|=9.35 (diameter = 122 pm). These specimens 
were stored at room temperature between experimental steps. 
The DMMC wires were annealed to study the kinetics of Ag and Pt filamentary 
dissolution by diffusion into the Au matrix. Isothermal annealing was performed at 290, 300, 
and 310 °C for the Au-14 at.%Ag wire; at 287, 300, and 313 °C for the Au-7 at%Ag wire; 
and at 418, 448, and 478 °C for the Au-7 at%Pt wire. After each anneal, the degree of 
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transformation from the non-equilibrium to the equilibrium solid solution was determined by 
electrical resistance measurements performed at room temperature by a standard four-probe 
potentiometric technique [12, 13]. 
4.3.2 Microstructure Observation 
A JEOL Scanning Electron Microscope (SEM) was used to examine the 
microstructures of the Au-Ag and Au-Pt DMMC composites. Thermal stability was analyzed 
to determine the relation between transformation rates and temperature and to observe the 
evolution of microstructural change accompanying the dissolution reaction. 
4.3.3 Kinetic Modeling 
In this paper, two basic kinetic equations were used to interpret the measured 
electrical resistivity changes with the degree of transformation. Firstly, the Johnson-Mehl-
Avrami (JMA) equation was assumed to describe the empirical homogeneous solid-state 
transformation with respect to time and temperature dependence: 
y =l-exp[-(fa)"] (4.1), 
where n is the power related to the transformation mechanisms, and k is the transformation 
rate constant of homogenization at a given annealing temperature. Variable y is assigned to 
the physical property kinetic change. The fractions of metastable DMMC's transformed to 
homogeneous solid solution are defined as: 
y = -S^ £±- (4.2), 
Aim: ~ Po 
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where po, pt, and pmax are the resistivity before annealing, after annealing for time t, and in 
the homogeneous solid solution condition respectively. 
The second equation is determined from the Arrhenius equation to describe the 
physical interpretation of the diffusion process by using an atomistic model for activation 
energy. It was assumed that the extent of annealing depends on temperature exponentially as: 
( -o\ 
k = A exp — (4.3), 
IrtJ 
where R is the gas constant, T is absolute temperature, A is a constant, and Q is an activation 
energy. The activation energy, Q, is the energy required for diffusive motion in these DMMC 
systems, but the value of Q is not necessarily the same as the Q value obtained from single 
crystal planar diffusion couple experiments, as will be discussed in a later section of this 
article. 
By using two equations, the kinetic parameters reported in the next section can be 
used to predict the kinetics of the transformation of interest for engineering applications. The 
results of these computations can then be compared with the behavior of the commercial 
materials now in use for these applications. 
4.4 Results 
4.4.1 Microstructure and Physical Property Relations 
The deformation produces second-phase filaments of Ag or Pt within a pure Au 
matrix (see Fig. 4.1 and 4.2). The second elements (Ag or Pt) are initially present as roughly 
equi-axed powder particles ~5 (j,m in diameter, but the extensive deformation that occurs 
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during wire drawing reshapes them to filaments that are 30 to 100 nm in diameter and 16 to 
180 mm in length. The small filament diameter confers high strength on the composite [14, 
15]. 
The high conductivity can be explained by electrons flowing parallel to the 
filamentary microstructure aligned with the wire axis. In Fig. 4.3, the resistivity increases 
with increasing r| up to r|=9.3 for Au-14 at % Ag DMMC, but Au-7at% Ag and Au-7at%Pt 
increase until r)=8.3 and then drop at the highest deformation level (r|=9.3). The reason for 
this behavior at high r| is unknown. 
4.4.2 Kinetic Transformations 
The fractions of the DMMC's transformed from metastable two-phase 
microstructures to homogeneous solid solutions are depicted by the sigmoidal curves shown 
in Fig. 4.4. SEM examination shows progressively greater amounts of Ag and Pt dissolution 
into the Au matrix as annealing time increased (Fig. 4.5a). For long annealing times at high 
temperature, Ag filaments become progressively more difficult to discern in SEM 
micrographs (Fig. 4.5b) until finally disappearing completely. The data plotted in Fig. 4.4 
were used to determine the kinetic transformation parameters shown in Table 4.2. A detailed 
discussion of the calculation of these parameters is provided elsewhere [10, 11]. 
The Avrami and Arrhenius equation relationships were used with the values of A and 
Q determined in this study for Au-Ag and Au-Pt DMMC's to develop the transformation 
maps in Fig. 4.6. These plots in time-temperature space predict the extent of high 
temperature degradation suffered by these materials for various combinations of time and 
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temperature. Fig. 4.6 shows that Au-7at %Pt is more resistant to homogenization than the 
Au-Ag DMMC's, a finding which is consistent with the slower diffusion of Pt in Au vis-a-vis 
Ag in Au. 
The area of greatest interest for engineering applications in the maps of Fig. 4.6 is the 
region describing the first few percent of transformation. When the DMMC has completed 
only a few percent of its transformation, it still possesses high strength and high conductivity, 
but as homogenization proceeds further, the properties degrade sharply, and the material no 
longer offers advantages over conventional alloys. For this reason, an enlarged view of the 
early portion of the transformation map is presented in Fig. 4.7. The map illustrates the 
temperature and time combinations that cause homogenization ranging from 0 to 3 %. As an 
example, Au-7 at% Pt shows greater thermal stability; calculations predict a 0.1% resistivity 
increase after 8 days at 175° C or after 17 minutes at 250° C in Fig. 4.6c. Comparing to Au-
14 at% in Fig 4.6a, these maps show that a 0.1 % resistivity increase (a negligibly small 
change) is calculated to occur in Au-14 at% Ag after 20 hours at 175° C or after 1.4 s at 250° 
C. The Au-Ag and Au-Pt DMMC's were found to have better thermal stability than 
conventional Au interconnection wires. Qi et.al show that cold-worked Au commercial 
interconnection wire lost strength due to recovery and recrystallization after annealing at 380° 
C for 1 hour [20]. 
4.5 Discussion 
The shape of the filaments in DMMC's is thought to result from the texture that 
develops during their deformation processing [21, 22]. In DMMC's containing BCC second 
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phase metals, ribbon-shaped filaments form because a <110> fiber texture develops that 
leaves only two slip directions with non-zero Schmid factors. Once this occurs, the second 
phase is then restricted in all subsequent deformation to plane strain. A similar texture effect 
occurs in DMMC's with HCP second phases. However, in FCC materials such as Ag and Pt, 
filaments are roughly cylindrical in shape because they have a mixed texture that is partially 
<111> and partially <100>. The <111> fiber texture leaves three slip directions active, and 
the <100> fiber texture provides four active slip directions during subsequent deformation. 
Those slip directions are arrayed around the fiber axis, which allows axially symmetric flow 
resulting in the cylindrical shapes observed in Fig. 4.1 and 4.2. 
The kinetic transformation involves atomic mobility and thermal activation, which are 
necessary to overcome the energy barrier to move an atom from one site to another. Table 
4.2 shows that the activation energy measured in this study for the Au DMMC systems is 
smaller than the activation energy value measured in single crystal, planar diffusion couple 
Au-Pt and Au-Ag studies [16-19]. Diffusional mixing (lower activation energy) occurs more 
readily in DMMC systems than in single crystal planar interface systems for two reasons: 1) 
far more defects (dislocations, grain boundaries, vacancies from non-conservative dislocation 
motion, etc.) are present in the Au-Ag DMMC composite and 2) the small radius of curvature 
of the Ag and Pt filaments increases the chemical potential for diffusion in the DMMC [10, 
11].  
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4.6 Future Work and Potential Applications 
Various experiments would be useful to extend the knowledge base of Au-matrix 
DMMC's to facilitate their industrial use. These include ball shear tests of DMMC wire and 
electromigration for interconnection wire as well as wear resistance of DMMC sheet for 
switch contacts. When more fully characterized, Au DMMC's may find use in other 
electronic applications involving elevated temperature service. Many of the demands for 
strength, wear resistance, conductivity, and elevated temperature stability in relays, switch 
contacts, metal packages, metalceramic hybrid packages, and multilayer ceramic 
interconnects may be met by this new family of Au composites. 
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TABLE 4.1 Comparison of ultimate tensile strength (a), resistivity (p), the ratio (a/p) for 
Au-X DMMC's at diameter of 540 (a.m, Au alloys, and pure metallic elements [7]. 
Materials Tensile Strength (a), 
MPa 
Resistivity (p), (j,Q-
cm 
Ratio (a/p), 
MPa/fj.O-cm 
DMMC: 
Au-7at%Ag 576 2.418 238 
Au-14at%Ag 585 2.763 211 
Au-7at%Pt 570 2.516 227 
Alloys: 
Au-26.2Ag-l.8Ni 345 12.1 29 
Au-25Ag-6Pt 415 16.94 24 
Au-30Pt 450 22 20 
Pure Metals: 
Au 234 2.35 100 
Ag 345 1.63 212 
Cu 290 1.69 171 
Pt 234 10.58 22 
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TABLE 4.2 The experimental result of Au-14 at%Ag, Au-7at%Ag, and Au-7at%Pt DMMC 
shows kinetic parameters necessary to calculate the extent of kinetic transformation at 
various temperatures and times. 
Sample Q 
(kJ/mol) 
n k(s-') A Temp(°C) ref 
Au-14 at% Ag 141 
0.48 1.54x10-4 
7.25x108 
290 This study 
0.50 1.15x10-4 300 
0.50 5.48x10-5 310 
Au-7 at% Ag 156 
0.40 2.75x10-4 
2.82x109 
287 This study 
0.51 1.31xl0"4 300 
0.43 6.44x10"5 313 
Au-7 at% Pt 167 
0.55 9.15xl0"5 
4.19xl07 
418 This study 
0.58 3.15xl0"5 448 
0.58 8.92x10"* 478 
Au198 in Ag 
diffusion couple 
202 N/A N/A N/A 1073-1205 [16] 
Ag110 in Au 
diffusion couple 
168 N/A N/A N/A 800-932 [17] 
Au199 in Pt 
diffusion couple 
252 N/A N/A N/A 580-992 [18] 
Pt195 in Au 
diffusion couple 
254 N/A N/A N/A 900-1056 [19] 
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FIGURE 4.1 Backscattered electron SEM micrograph showing Ag second phase (elongated 
black phase) starting to form short filaments in the Au matrix for Au-14 at% Ag DMMC at r\ 
= 7.3. Energy dispersive spectroscopy (EDS) showed that the small, equiaxed, black regions 
are SiC abrasive that has become embedded in the sample surface. The picture was taken in 
longitudinal section. 
74 
2 Mm 
FIGURE 4.2 Backscattered electron SEM micrograph in longitudinal cross section showing 
the filamentary microstructure of the Ag second phase (black phase) in the Au matrix for Au-
14 at% Ag DMMC. The Ag filaments show longer elongation and smaller diameter at r\ = 
9.3. Note that the filaments microstmcture of Au-7 at% Ag and Au-7 at%Pt DMMC are very 
similar. 
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"T" 
• Au-7at% Pt 
• Au-7at% Ag 
A Au-14at% Ag 
A 
6.0 6.5 7.0 7.5 8.0 8.5 
eta, r| 
9.0 9.5 
FIGURE 4.3 The relation between resistivity and deformation true strain. Note that 
resistivity increases with increasing true strain deformation (r|). Note that the Au-7at% Ag 
and Au-7at%Pt decrease at the highest deformation level, but the Au-14 at % Ag does not. 
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FIGURE 4.4 Resistivity vs. annealing time plots for Au-14 at%Ag, Au-7at%Ag, and Au-
7at%Pt. These sigmoidal curves asymptotically approach the electrical resistivities of the 
homogeneous solid solutions at the right end of each figure. 
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a) b) 
FIGURE 4.5 SEM backscattered electron images of the microstructure of an Au-14 vol% Ag 
DMMC. The Ag is visible as dark filaments oriented approximately horizontally in the Au 
matrix (a) after annealing at 300 °C for 1.2 ks. In image (b) an anneal at 300 °C for 12.3 ks 
has partially dissolved the Ag filaments into the Au matrix, and they are more difficult to 
discern. Note that the magnification for image (b) is higher than for image (a). 
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Au-7at%Pt DMMC 
FIGURE 4.6 Calculated predictions in time-temperature space of the transformation of Au 
DMMC metastatic structures to homogeneous solid solutions. These plots show that Au-7at 
%Pt is better able to tolerate exposure at high temperature. Au-7at %Pt Au-7at% Ag DMMC 
is only partially homogenized at combinations of time and temperature which completely 
homogenize Au-7 at % Ag and Au-14 at % Ag. 
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FIGURE 4.7 Contour map of Au-7at % Pt showing only the most significant time and 
temperature range for engineering applications such as interconnection wire. Percentages 
shown in the key are percent change of resistivity. 
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CHAPTER 5 GENERAL CONCLUSIONS 
1. Deformation processing produces second-phase Ag or Pt filaments within a pure Au 
matrix. In FCC materials such as Ag and Pt, a dual <111> and <100> fiber texture forms 
during this deformation that leaves three slip directions active in <111> fiber textured grains 
and four slip directions active in <100> fiber textured grains. Those slip directions are 
arrayed around the fiber axis, which allows axially symmetric flow resulting in the cylindrical 
shapes observed. 
2. The activation energies of the transformation from two-phase microstmcture to solid 
solution in Au-14at%Ag, Au-7 at %Ag, and Au-7 at %Pt Au DMMC wire were determined 
by electrical resistivity measurements to be 141, 156, and 167 kJ/mol, respectively. It is 
thought that these empirically determined activation energies differ from those determined by 
single crystal, planar interface Au-Ag and Au-Pt diffusion couples due to chemical potential, 
surface curvature, and strain effects. 
3. The kinetic exponent (n) for the transformation of two-phase microstructures to solid 
solutions in Au-14at%Ag, Au-7 at %Ag and Au-7 at %Pt Au DMMC wire is near 0.5 for all 
three compositions. 
Comparison of the kinetics of transformation in Au 7at% Ag and Au7 at % Pt: 
4.1 The effect of stored energy on altering the activation energy in the Ag-Au DMMC 
is probably negligibly small. However, the presence of stored energy (i.e. high 
dislocation density and excess vacancies) in the Pt filaments may accelerate diffusive 
mixing in the Pt-Au DMMC. 
4.2 It is thought that the DMMC systems reach equilibrium significantly faster than 
single-phase, planar interface diffusion couple specimens due to chemical bonding 
and capillary effects as driving forces in the DMMC systems. The activation energy 
of Au-7at%Ag DMMC decreases vis-a-vis single crystal, planar interface diffusion 
couples by 7-22 %, while the activation energy of Au-7at%Pt decreases 33%. The 
greater reduction in the Au-Pt system may indicate that curvature and bonding energy 
have a greater effect on the diffusion rate in the Au-7at%Pt DMMC than in the Au-
7at%Ag DMMC. 
4.3 The Pt-Au bond energy is expected to be stronger than the Ag-Au bond energy 
due to Pt's higher melting temperature. In addition, Pt has an incompletely filled 5d 
subshell, whereas Ag has a completely filled 4d subshell; this allows Pt to contribute 
more electrons to the metallic bond in the Au-Pt system. 
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5. The acceleration of diffusion in these DMMC's may be attributable to one of more of the 
following factors: 
5.1 Dislocations 
High dislocation densities that some investigators assume near the phase interface 
would provide numerous "short circuit diffusion pathways" down the dislocation 
cores. The presence of dislocations would seem to be a factor that would accelerate 
diffusion (i.e. lower the Q measured in this experiment). 
5.2 Vacancies 
Vacancy concentrations would be expected to be particularly high near the Au-Ag 
interface where dislocation pile-ups and intersections would cause the greatest density 
of non-conservative dislocation motion involving jogged screw dislocations and 
mixed dislocations. Increased vacancy concentrations normally accelerate diffusion 
(as is observed in irradiated metals), giving a lower Q value. 
5.3 The capillarity effect 
According to the capillarity effect (i.e. the Gibbs-Thompson effect), the chemical 
potential of an atom on a curved surface can be expressed as |I=|JO+YVK, where no is 
the chemical potential of an atom at a flat surface, y is surface energy, V is atomic 
volume, and K is surface curvature. It has been suggested that when the radius 
approaches -10 nm, the capillarity effect begins to play an important role. 
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6. Based upon the findings of this study, the Au-Pt DMMC would be predicted to resist 
degradation of strength and conductivity better than the Au-Ag DMMC. Both compositions 
would be capable of maintaining their two-phase nanofilamentary microstructures during the 
time-at-temperature profiles experienced by typical microprocessor and switchgear devices. 
As an example, Au-7 at% Pt is calculated to experience a 0.1% resistivity increase after 8 
days at 175° C or after 17 minutes at 250° C. For Au- 14 at%Ag, a 0.1 % resistivity increase 
is calculated to occur in Au-14 at% Ag after 20 hours at 175° C or after 1.4 s at 250° C. 
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